Calcitonin gene related peptide (CGRP) and adrenomedullin are potent biologically active peptides that have been proposed to play an important role in vascular and inflammatory diseases. Their function in the central nervous system is still unclear since they have been proposed as either pro-inflammatory or neuroprotective factors. We investigated the effects of the two peptides on astrocytes and microglia, cells of the central nervous system that exert a strong modulatory activity in the neuroinflammatory processes. In particular, we studied the ability of CGRP and adrenomedullin to modulate microglia activation, i.e. its competence of producing and releasing pro-inflammatory cytokines/chemokines that are known to play a crucial role in neuroinflammation. In this work we show that the two neuropeptides exert a potent inhibitory effect on lipopolysaccharide-induced microglia activation in vitro, with strong inhibition of the release of proinflammatory mediators (such as NO, cytokines and chemokines). Both CGRP and adrenomedullin are known to promote cAMP elevation, this second messenger cannot fully account for the observed inhibitory effects, thereby suggesting that other signaling pathways are involved. Interestingly, the inhibitory effect of CGRP and adrenomedullin appears to be stimulus specific, since direct activation with pro-inflammatory cytokines was not affected. Our findings clarify aspects of microglia activation, and contribute to the comprehension of the switch from reparative to detrimental function that occurs when glia is exposed to different conditions. Moreover, they draw the attention to potential targets for novel pharmacological intervention in pathologies characterized by glia activation and neuroinflammation.
Introduction
Calcitonin Gene-Related Peptide (CGRP) and adrenomedullin belong to the CGRP/calcitonin peptide superfamily that includes also intermedin/adrenomedullin 2 and amylin (Amara et al., 1982; Chang et al., 2004; van Rossum et al., 1997) . CGRP/adrenomedullin receptors, in order to be active, require the obligatory association of the calcitonin-like receptor (CLR) with the Receptor Activity-Modifying Proteins 1-3 (RAMP1-3) (McLatchie et al., 1998) . It is the association with the different members of the RAMP family that confers the specificity of these receptors to bind the various peptides of the family Christopoulos et al., 1999) : CLR/RAMP1 complex forms the CGRP receptor (antagonized by the CGRP antagonist Among the various effects of CGRP and adrenomedullin, their ability to modulate the immune/neural-immune system is of utmost interest and the emerging picture indicates that the two peptides can exert pro-as well as anti-inflammatory actions in a cell/tissue-specific and stimulus-specific manner. For instance, experiments on animal models demonstrate anti-inflammatory effects of CGRP (Gomes et al., 2005; Kroeger et al., 2009; Tsujikawa et al., 2007) that set against the neurogenic inflammatory action widely reported in periphery and brain (Durham and Vause, 2010; Holzer, 1998) . Similarly, both proinflammatory and anti-inflammatory roles have been proposed for adrenomedullin (see, for instance, Dackor and Caron, 2007; Ma et al., 2010; Miksa et al., 2007) although very little is known about its activity in the central nervous system. Based on these assumptions, CGRP and adrenomedullin are expected to be involved in several neuroinflammatory conditions and to play an important role in some neurodegenerative processes. For instance, the inflammatory component of multiple sclerosis is characterized by a complex interplay of cells (resident microglia, astrocytes, infiltrating macrophages and T cells), mediated by released molecules, such as tumor necrosis factor α (TNFα), interleukin-6 (IL6) and nitric oxide (NO) , that can exert a detrimental role on neuronal function (see e.g. Encinas et al., 2005; Hartung et al., 1995; Martino et al., 2000) . Moreover, chemokines released by vascular and perivascular resident glial cells are known to favor infiltration of lymphocytes into the parenchyma of the central nervous system, an obligatory step for the progression of the autoimmune attack (Engelhardt and Ransohoff, 2005; Szczucinski and Losy, 2007) .
In this work we investigate the effects of CGRP and adrenomedullin in glial cultures, showing that CGRP and adrenomedullin exert a potent and efficient anti-inflammatory role on microglia activation by inhibiting the lipopolysaccharide (LPS)-induced release of proinflammatory molecules. This previously unrecognized role of CGRP and adrenomedullin on glial cells might be relevant in the neurodegenerative processes by inhibiting the inflammatory process and stimulating repair events. It follows that these findings may represent a new paradigm to devise therapeutic strategies for neuroinflammatory diseases, such as multiple sclerosis.
Results

CGRP and adrenomedullin inhibit LPS-induced glia activation
In order to evaluate the effects of CGRP and adrenomedullin on glia activation, we first established the conditions to stimulate microglia and astrocytes in culture. Cultures of either pure astrocytes or microglia seeded on a layer of pure astrocytes (co-culture ratio 1:1; see Experimental methods) were exposed to various treatments. As expected from previous data, pure astrocytes were unresponsive to 24 h exposure to 10 ng/ml LPS (Saura, 2007 ; see also Fig. 5) . In contrast, when co-cultures were exposed to the same protocol of stimulation, a marked increase in IL6 secretion, TNFα release, NO production and iNOS induction was observed (Fig. 1) . These data confirm that LPS is able to promote the expression and secretion of the major glial activation markers by directly acting on microglia that may in turn recruit astrocytes in the activation process. When LPS was applied to co-cultures in the presence of CGRP or adrenomedullin, a dose-dependent inhibition of activation was observed (Figs. 1A-F). CGRP and adrenomedullin had no effects on unstimulated cells (either microglia/astrocyte co-cultures or pure astrocytes; not shown). The immunofluorescences in Fig. 2 show the astrocyte/microglia ratio in a typical experiment ( Fig. 2A) as well as the strong iNOS up-regulation induced by LPS challenge in most microglial cells, but not in astrocytes (Figs. 2B and C) .
We then used CGRP8-37 and AM22-52, two antagonists of the CGRP and adrenomedullin receptors, respectively, in order to verify the pharmacological profile of the neuropeptide effects. The two Fig. 1 . CGRP and adrenomedullin (AM) inhibit LPS-induced activation in microglia/astrocyte co-cultures. Microglia/astrocyte co-cultures were treated for 24 h with LPS (10 ng/ml) and increasing concentrations of CGRP (A, B, and C) or AM (D, E, and F) . At the end of the treatment the medium was tested for the release of IL6 (A and D) TNFα (B and E) and NO (C and F). Inset in (C and F) shows the corresponding western blot for iNOS performed on cell lysates. In this and the following figures, the columns in the graphs represent the average (+SEM) of at least three independent experiments performed in triplicate. Statistical significance (*p b 0.05; **p b 0.01; ***p b 0.001) was calculated using one-way ANOVA followed by Dunnett's post hoc test (against the LPS treatment).
antagonists reduced the inhibitory action of CGRP and adrenomedullin on LPS-treated cultures, as revealed by the effects on IL6 secretion, TNFα release and NO production (Fig. 3) . This result is in line with the notion that astrocytes are potentially able to form all the receptors for CGRP and adrenomedullin (Moreno et al., 2002) , but also reveals a different extent of inhibition exerted by the two antagonists. On the one hand this could reflect the ligand-receptor promiscuity of this system in which CGRP may also act on the adrenomedullin receptor 2 and adrenomedullin can also activate the CGRP receptor (Poyner et al., 2002) . On the other hand, it must be considered that AM22-52 acts with different potencies on the two adrenomedullin receptors (Hay et al., 2004) .
To verify whether the results obtained in the co-cultures were influenced by the interplay between the two cell types, we performed . CGRP8-37 and AM22-52 partially revert the effects of CGRP and adrenomedullin (AM). Microglia/astrocyte co-cultures were activated for 24 h with LPS (10 ng/ml) and various combinations of agonists (CGRP or AM, 10 nM each) and antagonists (CGRP8-37 or AM22-52, 3 μM and 9 μM, respectively) of CGRP and AM receptors. At the end of the treatment the medium was tested for the release of IL6 (A) TNFα (B) and NO (C). Statistical significance (*p b 0.05; **p b 0.01; ***p b 0.001) was calculated using one-way ANOVA followed by Bonferroni post hoc test. experiments on highly-enriched microglia cultures (~95% purity). LPS was able to increase the three markers of activation (Fig. 4) although with a different pattern of release. In fact, in microglia cultures the ratio between TNFα and IL6 was reduced (about 3-4 folds) with respect to co-cultures suggesting that astrocytes can significantly contribute to the release of some cytokines. Also in this experimental cellular model CGRP and adrenomedullin exerted an inhibitory effect on the induction of LPS activation (Fig. 4) .
CGRP and adrenomedullin do not inhibit glia activation promoted by cytokine administration
Since also pro-inflammatory cytokines have been reported to cause glia activation, we evaluated the effects of the two neuropeptides upon exposure of cells to a mix of cytokines (IL1β, TNFα, and INFγ) . In all cell cultures (microglia/astrocytes, pure astrocytes and highly-enriched microglia) CGRP treatment did not exert inhibitory effects on NO/iNOS and IL6 levels (Fig. 5) , thus suggesting that, under this condition, the activation process is sustained by different mechanisms and that CGRP modulates only specific pathways leading to cytokine and NO release from microglia. Similar results were obtained with adrenomedullin (see Figs. 5E and F for the effects on microglia).
Role of cAMP and cAMP-related stimuli in the modulation of microglia activation
In view of the fact that CGRP and adrenomedullin are known to activate adenylyl cyclase and promote cAMP increase, we exposed cells to various treatments able to stimulate or mimic the cAMP pathway (Fig. 6) . Isoproterenol, which is reported to activate β-adrenergic receptors on microglia (Tanaka et al., 2002) , displayed the same effect of CGRP and adrenomedullin, while other, non receptor-mediated protocols to elevate cAMP, had a more complex behavior. In fact, treatment with either 8-Br-cAMP, an analog of cAMP, or forskolin, an activator of adenylyl cyclase, prevented the LPS-induced increase in IL6 production and TNFα release, but not NO elevation (Figs. 6A-C). Hence, receptor stimulation elicits effects that go beyond a simple cAMP increase. Indeed, another stimulus commonly used to raise cAMP in microglia, PGE2, was effective in reducing LPS-mediated IL6 and TNFα release, but was not able to produce the same inhibitory effect on NO production (Figs. 6D-F). Rather, PGE2 reinforced the LPS-mediated NO increase, Fig. 4 . CGRP and adrenomedullin (AM) inhibit LPS-induced activation in microglia-enriched culture. LPS (10 ng/ml) was given to preparations of primary microglia cells for 24 h in the presence or absence of CGRP (100 nM) or AM (100 nM). Secretion of interleukin-6 (A and D) tumor necrosis factor α (B and E) and NO (C and F) was then tested in the cell supernatant. Statistical significance (*p b 0.05; **p b 0.01; ***p b 0.001) was calculated using one-way ANOVA followed by Dunnett's post hoc test (against the LPS treatment). most likely by stimulation of the prostaglandin E receptor 2 (EP2), as revealed by the similar effects obtained with butaprost (specific agonist for EP2), but not sulprostone (specific agonist for EP3).
In light of the possibility that CGRP and adrenomedullin mat activate signaling pathways other than cAMP (Wang et al., 2009) we exposed LPS-activated cultures to PD98059 (50 μM) and SB203580 (10 μM), two specific inhibitors of the pathways linked to activation of mitogen activated protein kinases (MAPK). These drugs showed a strong inhibitory effect on LPS-induced microglia activation, but did not influence the effects of CGRP and adrenomedullin (data not shown).
Inhibition of chemokine expression by CGRP and adrenomedullin
Having established that CGRP and adrenomedullin reduce microglial activation, we tested whether these same treatments were also able to affect chemokine production in LPS-stimulated co-cultures. Indeed, the transcription of some chemokines known to play a major role in neuroinflammation (e.g. CCL2/MCP1, CCL3/MIP1α, CXCL10/IP10 and IL10) was promoted by LPS (Fig. 7) . Of note, CGRP and adrenomedullin differentially affected these increases: CCL2/MCP1 and CCL3/MIP1α induction was strongly repressed by both neuropeptides, while CXCL10/ IP10 increase was not significantly inhibited. On the other hand, the expression of IL10, which is potentiated in alternative pathways of microglia activation, was not increased by the two neuropeptides and even lowered by adrenomedullin (Fig. 7D ). CGRP and adrenomedullin were also ineffective in inducing genes related to the appearance of antiinflammatory and neurotrophic phenotypes of microglia (Colton, 2009) , such as Fc epsilon RII (CD23), transforming growth factor β, and nerve growth factor (data not shown).
Discussion
In this work we demonstrate that CGRP and adrenomedullin can inhibit microglia activation starting from the low nanomolar range. . The effect of pro-inflammatory cytokines is not affected by CGRP or adrenomedullin (AM). Either microglia/astrocyte co-cultures (A and B), pure astrocytes (C and D), or highly enriched microglial cells (E and F) were stimulated by LPS (10 ng/ml) or a mix of cytokines (CK: 10 ng/ml IL1β, 30 ng/ml TNFα and 20 ng/ml INFγ) for 24 h and the effect of CGRP (100 nM) or AM (100 nM) was tested on IL6 release (A, C, and E) and NO production/iNOS expression (B, D, and F). No statistical significant decrease (n.s.) in the activation markers was observed when CGRP or AM were applied to CK stimulated cells (calculated by unpaired two-tailed Student's t-test).
This evidence was obtained by challenging primary cultures of microglia with LPS and assessing the inhibitory effect exerted by the two neuropeptides on the release of molecules reported to have detrimental roles in inflammatory processes, such as cytokines (TNFα, IL6), NO, and chemokines (MIP1α, MCP1) (Kerschensteiner et al., 2009; Lehnardt, 2010) . These results extend previous reports of an anti-inflammatory action of CGRP and adrenomedullin in macrophagic cell lines and primary macrophages (Feng et al., 1997; Liu et al., 2000; Ma et al., 2010; Miksa et al., 2007; Wong et al., 2005; Wu et al., 2003) , i.e. cells belonging to the same lineage as microglia. The effects we report were clearly stimulus dependent, as well as cell specific. We employed the well-known paradigm of microglia activation by LPS to induce the release of pro-inflammatory molecules able to activate astrocytes with consequent additional release of cytokines. Indeed, our results provide evidence of an increased release of TNFα when microglial cells are co-cultured with astrocytes. With this model, we demonstrate that CGRP and adrenomedullin efficiently suppress the LPS-mediated effects. Accordingly, our data point to microglia, not to astrocytes, as the primary target of this cascade of events, in line with a recent cautionary note on the real effects of LPS on pure astrocytes (Saura, 2007) . It is worth mentioning that, according to the current view on the neuroinflammatory process during neurodegeneration, microglia is considered the causal player, with astrocytes exerting either a protective feedback role, by limiting microglial activation (Harris et al., 2002) , or a deleterious feed-forward effect, by favoring the development of chronic inflammation (Farina et al., 2007) . Notwithstanding the extent of interplay between microglia and astrocytes, which is far from being elucidated, it is clear that CGRP and adrenomedullin can play an important role on the effects of microglia activation. According to our results, the two neuropeptides reverse the LPS effects rather than redirect microglia to different pathways of activation, such as the anti-inflammatory "alternative activation" or the immunosuppressant "acquired deactivation" phenotypes proposed in the literature (Colton, 2009) . In addition, it should be pointed out that CGRP and adrenomedullin inhibition on microglia activation is exerted on specific pathways. In fact the inhibitory effect was not observed when cells, either astrocytes or microglia, were challenged with a mix of pro-inflammatory cytokines.
Since both neuropeptides activate CLR complexes, it can be inferred that a common signal transduction pathway may sustain their effects. Indeed, cAMP is produced upon stimulation of CGRP or adrenomedullin receptors and is thus expected to be involved in the inhibitory activity observed on LPS action. However, elevation of cAMP levels by common pharmacological tools mimicked the effect only partially, thereby suggesting, as already reported (Walker et al., 2010) , that receptor activation stimulates other signaling pathways as well. Interestingly, stimulation of different receptors coupled to adenylyl cyclase showed similar, as well as specific effects. For instance, activation of β-adrenergic receptors mimicked the action of the two neuropeptides, while activation of EP2 receptors had an Fig. 6 . Role of cAMP and cAMP-related stimuli on the modulation of microglia activation. Microglia/astrocyte co-cultures were stimulated with LPS (10 ng/ml) in the presence of various cAMP-modulating agents and the secretion of IL6 (A and D), TNFα (B and E), and NO (C and F) was measured. In addition to LPS and CGRP (100 nM), the other stimuli used were isoproterenol (ISO, 1 μM), forskolin (FK, 10 μM), 8Br-cAMP (8Br, 100 μM), PGE2 (1 μM), butaprost (BUT, 1 μM) and sulprostone (SUL, 1 μM). Statistical significance (n.s. p N 0.05; *p b 0.05; **p b 0.01; ***p b 0.001) was calculated using one-way ANOVA followed by Dunnett's post hoc test (against the LPS treatment).
opposite effect on NO production. Altogether, the heterogeneous responses we have observed are in line with the possibility that receptors coupled to adenylyl cyclase activation can stimulate, along with cAMP production, also other signaling pathways, thereby driving glia to specific activated phenotypes.
Interestingly, the pro-inflammatory reaction caused by LPS implies the initial activation of the Toll-like receptors, a mechanism proposed to be involved in the development of experimental autoimmune encephalomyelitis (EAE), i.e. the main model for multiple sclerosis in mice (Farez et al., 2009; Marta, 2009) . Since it is possible that CGRP and adrenomedullin modulate this pathway, a better definition of their mechanism of action might have a potential impact on this neuroinflammatory pathology. Looking at the possible consequences of microglia activation in the neuroinflammatory processes, we focused on chemokine release. This is a crucial step in the recruitment of leukocytes from the periphery, with ensuing propagation of the inflammatory attack to the parenchyma (via Th1/Th17 response; Gutcher and Becher, 2007) and further amplification of glia activation in a dangerous feed-forward loop. Noticeably, CGRP and adrenomedullin strongly inhibited the upregulation of MIP1α and MCP1, two chemokines responsible for the recruitment of T lymphocytes into the parenchyma of the central nervous system.
Among the CGRP-induced effects on the central nervous system, its role in the development of neuropathic pain and migraine has attracted most of the attention (Recober and Russo, 2009 ). Our results bring awareness to the role of CGRP and adrenomedullin as antiinflammatory agents and, at the same time, open new perspectives in the pharmacological treatment of pathologies characterized by microglia activation and neuroinflammation. In this respect, multiple sclerosis is a paradigm since all demyelinating lesions occur on an inflammatory background that sees the involvement of several cells, including activated microglia and locally recruited lymphocytes and macrophages (Lassmann et al., 2001 ). The mechanisms leading to this pathological pattern are complex and poorly understood. It has been hypothesized that unknown inflammatory events may cause a local release of inflammatory cytokines (TNFα, IL1β, and IL6) capable of triggering the production of secondary inflammatory mediators, such as chemokines, colony stimulating factors and lipid-derived molecules (Martino and Hartung, 1999) . Cytokines and chemokines would, in turn, allow the recruitment of leukocytes across the blood-brain barrier, including autoreactive T cells able to interact with resident antigen-presenting cells (Engelhardt and Ransohoff, 2005; Flügel et al., 2007) , such as microglia and astrocytes. This local interplay is considered a crucial event leading to perpetuation and amplification of the inflammatory reaction since the initial damage introduced by T cells is a stimulus for microglia activation and further recruitment of macrophages. Within this pathological framework, activated microglia and infiltrating macrophages are expected to produce a large number of harmful soluble factors, such as nitric oxide (Redford et al., 1997) , inflammatory cytokines/chemokines (Muzio et al., 2007) , excitotoxins (Smith et al., 2000) , matrix metalloproteinases (Leppert et al., 2001; Lindberg et al., 2004 ) and other proteases (Anthony et al., 1998) . However, a view in which microglia might exert a reparative and anti-inflammatory action, with mechanisms still to be clarified, has recently emerged (Muzio et al., 2007) . Based on these premises, the neural-immune activity of CGRP and adrenomedullin might exert either a control on the initial immunological attack to the central nervous system parenchyma, or on subsequent mechanisms of the disease via modulation of glia activation.
Interestingly, by working on the EAE mouse model of relapsingremitting multiple sclerosis we have found that, in the lesion areas with infiltrating lymphocytes, glial cells display changes in CGRP, adrenomedullin and RCP levels (Morara et al., in preparation) . Altogether, these findings are in line with the expectation of a possible role played by these neuropeptides in multiple sclerosis. The recent development of non-peptidic antagonists for the CGRP receptor, already in clinical use (Doods et al., 2000) , paves the way also to the discovery of nonpeptidic agonists for the same receptor family (Katayama et al., 2001) , which might be employed in the treatment of neuroinflammatory diseases. Finally, our results call attention to the use of CGRP inhibitors, widely employed for the therapy of migraine (Durham and Vause, 2010) . In fact, in light of a possible physiological role of these neuropeptides in keeping neuroinflammation at bay, treatments with inhibitors might have previously unpredicted harmful effects.
In conclusion, we provide evidence for a role of CGRP and adrenomedullin as modulators of microglia activation. A better comprehension of the molecular basis of their action is expected to advance our knowledge of the neuroinflammation mechanisms as well as to devise new therapeutic paradigms (Schreiner et al., 2009 ).
Experimental methods
Materials
Cell culture media and reagents were from Lonza. Other chemicals, if not otherwise stated, were from Sigma-Aldrich. Culture flasks and multiwell plates were from Nalge Nunc.
Cell culture
The animal use procedures, performed according to the EC Directive 86/609/EEC, were approved by the Institutional Animal Care and Use Committee of the San Raffaele Scientific Institute. Animals (about 100 pups were used across this study) were sacrificed after gentle carbonarcosis (by slowly rising CO 2 inside the cage) to minimize pain and discomfort. Primary cultures of cortical astrocytes were obtained from 1 to 2 day-old Sprague-Dawley rats (Charles River) according to McCarthy and De Vellis (1980) . Cortices were freshly dissected, cut into small sections and washed in Hank's Balanced Salt Solution supplemented with Hepes/Na pH 7.4 (10 mM), MgSO 4 (12 mM), 50 U/ml Penicillin and 50 μg/ml Streptomycin. Then, they were dissociated with 2.5 mg/ml trypsin type IX in presence of 1 mg/ml deoxyribonuclease (DNase, Calbiochem) for 10 min at 37°C in two subsequent steps and the supernatants obtained were diluted 1:1 in medium containing 10% horse serum (PAA Laboratories). The cell suspension was spun (100 g for 10 min) and cells (about 30 × 10 6 cells per pup) were put in culture in Minimum Essential Medium Eagle (EMEM) supplemented with 10% horse serum, 33 mM glucose, 2 mM Glutamax (Gibco), 50 U/ml penicillin, 50 μg/ml streptomycin. Cells were maintained in 75 cm 2 flasks (1 per pup) at 37°C in a humidified 5% CO 2 incubator. Pure cultures (N99.5%) of type-1 astrocytes were obtained by shaking flasks at 200 rpm for 24 h at 37°C at days 2 and 6 after plating to remove microglial cells and oligodendrocyte progenitors (also known as O2A). Shaking medium (10 ml/flask) was Minimum Essential Medium with Hank's salts, supplemented with 10% horse serum, 33 mM glucose, 2 mM Glutamax and 10 mM Hepes/Na pH 7.4. For biochemical and activation experiments cells were detached with buffered trypsin (0.25%)/ ethylenediaminetetraacetic acid (EDTA, 1 mM) and re-plated with fresh medium on plastic multiwells (24 well plates; 100,000 cells per well) coated with poly-L-lysine (100 μg/ml, 5 min on the surface and then washed with H 2 O). Cells were used within 3 days after replating. Purity of astrocytic cells was assessed by morphological examination (immunofluorescence for glial fibrillary acidic protein, GFAP, and ionized calcium binding adaptor molecule 1, IBA1, markers for astrocytes and microglia, respectively) and the absence of response to LPS (in terms of upregulation of inducible nitric oxide synthase, iNOS, and secretion of IL6; see also Fig. 5 ). Microglia cells were obtained from astrocytic flasks by gentle manual shaking three days after dissection. Detached cells (about 80-90% microglia with a 20-10% astrocytic contamination) were plated on the top of pure astrocyte monolayers, making possible the preparation of co-cultures with known relative percentage of cells, or, alternatively, detached cells were plated in multiwells (150,000 cells per well in 24 well plates) coated with poly-L-Lysine (100 μg/ml) to obtain, within 2-3 days, astrocyte/microglia co-cultures with approximately a 1:1 ratio. Highly enriched (N95%) microglial cultures were obtained by adding granulocyte-macrophage colony-stimulating factor (GM-CSF, 25 ng/ml; R&D Systems) to culture medium just after re-plating detached cells onto uncoated plastic multiwells. The resting state of unstimulated microglia was confirmed by the almost undetectable levels of IL6 secretion and iNOS expression (see Results).
Cell treatments
Recombinant rat interleukin-1β (IL1β), TNFα and interferon γ (INFγ) were from R&D Systems; LPS, isoproterenol, prostaglandin E2 (PGE2), sulprostone and butaprost were from Sigma; rat α-CGRP, CGRP8-37 (inhibitor of the CGRP receptor) and AM22-52 (inhibitor of the adrenomedullin receptors) were from Polypeptide group; adrenomedullin was from Bachem; forskolin was from Calbiochem and 8-bromoadenosine 3′,5′-cyclic monophosphate (8Br-cAMP) was from Biaffin. Stock solutions of LPS, TNFα, IL1β, INFγ, CGRP, adrenomedullin, CGRP8-37, AM22-52, isoproterenol and 8Br-cAMP were prepared in EMEM and stimuli administered with a 1:1000 dilution (with the exception of LPS that was 1:100). Forskolin, sulprostone, PGE2 and butaprost were dissolved in dimethyl sulfoxide and administered with a 1:1000 dilution, i.e. a condition in which solvent alone was found to be ineffective on both basal activation of glia and LPS effects. Stimuli were administered directly to the culture medium as follows. Rat cortical co-cultures astrocytes/microglia were stimulated with IL1β (10 ng/ml), TNFα (30 ng/ml), INFγ (20 ng/ml), CGRP (100 nM), adrenomedullin (100 nM), and LPS (10 ng/ml; Sigma-Aldrich cod. L2654), for 24 h at 37°C. Activated phenotype was tested by measuring the release of IL6, TNFα, and NO, and the upregulation of iNOS. Isoproterenol (1 μM), 8Br-cAMP (100 μM), forskolin (10 μM), CGRP8-37 (3 μM) and AM22-52 (9 μM) were administered 30 min before pro-inflammatory stimuli administration. Cell viability at the end of the treatments was assessed biochemically by standard 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and by fluorescence microscopy using sytox blue (Invitrogen) as dead-cell indicator. Changes in vitality, as well as total cellular protein content, upon treatments and among samples were less than 5%.
Western blotting
Cells were washed 2 times with phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM sodium phosphate dibasic, 2 mM potassium phosphate monobasic, pH 7.4) and lysed for 15 min at 4°C with 300 μl/well of lysis buffer (phosphate buffered saline supplemented with 2% Nonidet P-40, 0.2% sodium dodecyl sulfate, 10 mM EDTA/Na, and a cocktail of protease inhibitors, chimostatin, leupeptin, antipain, pepstatin, 10 μg/ml each). Lysates were centrifuged for 15 min at 15,000 g at 4°C, the supernatants were collected and their total protein content analyzed by the MicroBCA reagent (Pierce). About 25 μg of proteins were separated by standard sodium dodecyl sulfate polyacrylamide gel electrophoresis (1.5 mm gel thickness) and transferred onto nitrocellulose membrane (0.45 um pore size, Protran BA85, Whatman). The membrane was stained with Ponceau S (0.2% in 3% trichloroacetic acid) for protein visualization and de-stained with bi-distilled water. After overnight blocking with Tris buffered saline (TBS: 50 mM Tris, 150 mM NaCl, pH 7.6) containing 0.2% Tween-20 and 5% skimmed milk, membranes were incubated 2 h (room temperature, shaking) with 0.5 μg/ml of the primary antibody (mouse monoclonal anti iNOS antibody from BD Biosciences) and then, after an extensive washing with TBS containing 0.2% Tween-20, with horseradish peroxidase-conjugated anti-mouse secondary antibody (Bio-Rad). Protein signals were revealed on autoradiographic films by Super Signal West Pico (or Femto) Chemiluminescent Substrate (Pierce). ImageJ software (Collins, 2007) was used to perform the densitometric analysis of Ponceau S stained membranes in order to evaluate correct loading.
Interleukin-6, tumor necrosis factor α and NO determinations IL6 and TNFα were measured by sandwich enzyme-linked immunosorbent assay in 50 μl of supernatants collected from cocultures, according to manufacturer's instructions (Biotrak ELISA Systems, Amersham Bioscience). Limits of detection for IL6 and TNFα were 10 and 5 pg/ml, while limits of quantification were 40 and 15 pg/ml, respectively. NO production was determined by measuring the accumulation of nitrite in the culture medium. Nitrite was assayed colorimetrically by a diazotization reaction using the Griess reagent, composed by a 1:1 mixture of 1% sulfanilamide in 5% ortophosphoric acid and 0.1% naphtylenethylenediamine dihydrochloride in H2O. 100 μl of culture medium were mixed to 100 μl of Griess reagent in a 96-multiwell plate and the O.D. at 550 nm was measured within 10 min. The nitrite concentration in the samples was interpolated from a NaNO 2 standard curve ranging from 0 to 100 μΜ. The limits of detection and quantification were 0.25 and 0.7 μM, respectively.
Immunofluorescence
Rat cortical co-cultures, plated at subconfluent density on polylysine coated multiwell plates, were washed with PBS and fixed for 15 min with 3.7% paraformaldehyde in PBS at room temperature. After two washes with PBS, paraformaldehyde was blocked by two 5 min incubations with 50 mM NH 4 Cl. Cells were then permeabilized with 0.1% Triton X-100 in PBS for 5 min and incubated for 20 min with blocking solution (0.2% gelatine in PBS). The primary antibodies were diluted in blocking buffer and incubated for 30 min at room temperature. The following antibodies were used: polyclonal (Dako, 1:250 dilution) and monoclonal (Sigma, 1:200 dilution) anti GFAP antibody as astrocytic marker; polyclonal anti IBA1 (Wako Pure Chemical Industries, 1:500 dilution) as microglial marker; monoclonal anti iNOS (BD Biosciences, 1:100 dilution) as microglia activation marker. After three washes of 10 min with blocking solution, the secondary antibodies, either fluorescein isothiocyanate (FITC)-or rhodamine-conjugated goat anti mouse and anti rabbit immunoglobulin G (Invitrogen, both diluted 1:150 in blocking buffer), were incubated for 30 min at room temperature, in the dark. Multiwells were washed with blocking solution (three washes of 10 min), left in PBS, and observed by epifluorescence microscopy.
RNA extraction and RT-qPCR
RNA was extracted from treated or untreated cells plated on 3.5 cm Petri dishes with TRIzol (Invitrogen) and phenol/chlorophorm/ isoamyl alcohol (PCI, 25:24:1 v/v), following manufacturer instruction. Briefly, cells were lysed in 1 ml of TRIzol, to which were added 200 μl of PCI. After centrifugation (12,000 g, 15 min), the upper aqueous phase was transferred in a new tube and RNA was precipitated through addition of an equivalent amount of isopropanol. Samples were centrifuged (12,000 g, 10 min) and washed with 70% ethanol. RNA pellets were air-dried for 5 min, resuspended in 20 μl of RNase-free water and stored at − 80°C.
Reverse transcription (RT) was carried out with random hexamers as primers, using Superscript III Retrotranscription Kit (Invitrogen) following manufacturer instruction. RT was carried on for 50 min at 50°C then stopped incubating samples at 85°C for 5 min. Single strand cDNA was obtained digesting complementary RNA strand with provided RNase H for 20 min at 37°C.
Quantitative polymerase chain reaction (PCR) was performed on a LightCycler 480 machine (Roche Diagnostics), with proprietary SybrGreen mix (LightCycler 480 Master Mix, Roche), following manufacturer instruction. Both forward and reverse primers were used at a 0.5 μM concentration. RT-derived cDNA was typically diluted 1:16 before use. PCR program was performed with 10 min of denaturation step at 95°C and 35 to 45 cycles of amplification. Each cycle consisted of a denaturation step (95°C, 10 s), an annealing step (60°C, 25 s) and an elongation step (72°C, 15 s). After amplification, a melting step was performed (95°C for 30 s, 60°C for 1 min). Determination of Crossing points and Melting peaks was performed with LightCycler 480 Software (version 1.5.0.39, Roche). Primers used (forward and reverse) were: gatccacattcggaggctaa and acgtgaaggttcaaggatgc for the gene encoding chemokine (C-C motif) ligand 2 (CCL2, also known as monocyte chemotactic protein-1 or MCP1); ccaccgctgcccttgctgtt and cacccggctgggagcaaagg for the gene encoding chemokine (C-C motif) ligand 3 (CCL3, also known as macrophage inflammatory protein-1α or MIP1α); acgagagccacaacgcagcc and tcaccccggatggaatggcct for the gene encoding interleukin 10 (IL10); gagcccagccacatcccgag and gtgcagcgcaccgttcttgc for the gene encoding C-X-C motif chemokine 10 (CXCL10, also known as interferon gammainduced protein 10 kDa or IP10); gtatgaacagcgatgatgcact and gaagaccagagcagattttcaatag for the gene encoding IL6 (used as positive control for activation); gaagaagaaattagagaagcgttcc and gtagtttacctgaccatccccat for CALM2 (i.e. the gene coding for calmodulin 2, used as internal reference for normalization).
Statistical analysis
Statistical analysis was performed with Prism software version 5.0 (GraphPad Software Inc., La Jolla, CA, USA). Columns in the graphs represent the mean (with SD or SEM) of at least three independent experiments performed in triplicate. Statistical significance was evaluated (with 95% confidence intervals) by unpaired two-tailed Student's t-test, for statistical analysis of two groups, or one-way ANOVA followed by Dunnett's (against the LPS treatment for multiple groups) or Bonferroni (for all pairwise comparisons) post hoc tests. A value of p b 0.05 was considered to be statistically significant.
